The SU (3) and hyperfine mass splittings of mesons containing a single heavy quark are computed to one-loop order in chiral perturbation theory with heavy quark spin symmetry. 
Introduction
The spectrum of masses for the lowest-lying pseudoscalar and vector mesons which contain a single heavy quark has been of recent theoretical interest. Two approximate symmetries of QCD, chiral symmetry for the light u, d and s quarks and heavy quark spin-flavor symmetry [1] for the heavy c and b quarks, can be exploited to calculate the heavy meson masses. These symmetries have led to a number of theoretical predictions for the heavy meson masses. The hyperfine mass splittings D * − D and B * − B are related using heavy quark spin-flavor symmetry. Corrections to the naive 1/m Q scaling of these splittings can be calculated in HQET [2] . The SU (3) flavor splitting D s − D can be calculated using chiral Lagrangian techniques. A leading nonanalytic chiral correction to this mass splitting is calculated in ref. [3] . Rosner and Wise [4] been estimated using dispersion relation techniques [5] . Estimates of the hyperfine mass splittings for the D and B mesons are discussed in ref. [6] .
In this work, the masses of the D, D * , B and B * mesons are calculated to one-loop order in chiral perturbation theory using a chiral Lagrangian which incorporates heavy quark spin-flavor symmetry and its breaking. The calculation naturally breaks up into the calculation of SU (3) mass splittings which preserve heavy quark spin symmetry and the calculation of hyperfine mass splittings which explicitly violate heavy quark spin symmetry. In Sect. 5, the theoretical formulae for the mass splittings are compared with experiment.
Sect. 6 contains final remarks.
Chiral Lagrangian for Heavy Mesons
The lowest lying mesons which contain a single heavy quark Q are pseudoscalar and vector mesons with spin of the light degrees of freedom s ℓ = 1 2 . Degenerate spin zero and spin one mesons result when the spin of the light degrees of freedom is combined with the spin of the heavy quark s Q = 1 2 . Since the pseudoscalar and vector mesons are degenerate in the heavy quark mass limit and the spin of the heavy quark is conserved by low energy strong interactions, it is convenient to introduce a single field [7] for the heavy meson 
The low energy interactions of mesons containing a single heavy quark with pions are described by a chiral Lagrangian which respects heavy quark spin-flavor symmetry [9] [10]
[11]. The heavy meson field H v transforms as a doublet under heavy quark spin symmetry and as a 3 under flavor SU (3) V , The leading order chiral Lagrangian for heavy mesons interacting with pions is given 
where 8) and f ≈ 93 MeV is the pion decay constant. Under
where U is defined by the transformation of ξ. The Dirac structure of the heavy meson chiral Lagrangian has been replaced by the velocity vector v µ and the velocity-dependent spin operator S µ ℓ v for the light degrees of freedom [12] . The spin operator for the light degrees of freedom is defined by Tr H v is normalized to unity which implies that the fields P and P * are normalized to 2,
Loop calculations of corrections which respect heavy quark spin symmetry can be calculated using the field H v [18] . Heavy quark spin symmetry violating corrections are best calculated using the fields P and P * .
Higher 
This term violates heavy quark spin-flavor symmetry and is responsible for the hyperfine 
for pseudoscalar mesons P and 1 4 for vector mesons P * . Thus, this operator results in a hyperfine splitting (P * −P ) = ∆ at tree level. Note that the Dirac tensor struc- 
These two terms produce hyperfine splittings proportional to a light quark mass. The term proportional to ∆ (a) leads to light quark flavor-dependent hyperfine splittings, whereas the term proportional to ∆ (σ) yields a flavor singlet contribution to the hyperfine splittings which is linear in the light quark masses.
Chiral Lagrangian terms with two insertions of the light quark mass matrix which preserve and violate the heavy quark spin symmetry are
and 
the following, terms of order α em with insertions of the quark mass matrix are neglected.
The number of chiral invariants constructed with Q ξ is less than the number for M ξ , since
2 The coefficients which violate heavy quark spin symmetry (i.e. ∆,
and ∆ (d) ) also have calculable logarithmic dependence on the heavy quark mass from perturbative QCD [2] .
Heavy quark flavor symmetry-violating but heavy quark spin symmetry-conserving contributions to the SU (3)-invariant mass of the heavy meson multiplet are generated by the operator α em q 2 Q Tr H v H v which contains two factors of the heavy quark charge. This term does not contribute to the meson mass splittings, however, and need not be considered here. In addition, there is a term with two factors of the heavy quark charge which violates the heavy quark spin and flavor symmetries, 15) and which contributes differently to the SU (3) V invariant hyperfine splittings for the D and B mesons. Electromagnetic contributions from terms containing one factor of the light quark charge matrix and one factor of the heavy quark charge are given by 18) which respects heavy quark symmetry, and by To one-loop, the chiral expansions for these two linear combinations of the heavy meson masses can be written in the form
and
where α a , the tree-level mass splittings calculated from L M v , are shown in fig. 1 ; λ a describes wavefunction renormalization,
β a parametrizes the nonanalytic m 3/2 s contribution; γ a describes the nonanalytic chiral logarithmic corrections from the one-loop graphs shown in fig. 2 ; c a are contact terms for 
3)
The coefficients of the m 3/2 s contribution 5 to the masses,
are obtained from the graph fig. 2(a) . This graph also is responsible for the wavefunction renormalization coefficients λ 1,2 = .
The m 3/2 s contribution given here differs from the correction given in ref. [3] by an overall factor of 4 3 . The coefficients β a are simply related to wavefunction renormalization coefficients λ a in the same manner as for baryons [20] [13] since the spin of the light degrees of freedom, which couples to pions, is The one-loop chiral logarithmic renormalization of ∆ is determined by
whereas the counterterm 6 for this chiral logarithm is
(3.9)
In the isospin limit, there are four heavy meson masses P , P * , P s , and P * s . These masses are determined by four linear combinations: an SU (3) V symmetric, heavy quark spin-independent contribution 1 4 (P + 3P * ); an SU (3) V -breaking, spin-independent
(P + 3P * ) ; an SU (3) V symmetric, heavy quark spindependent contribution (P * − P ); and an SU (3) V -violating, spin-dependent contribution {(P * s − P s ) − (P * − P )}. These four linear combinations are given by
(3.13)
In the above equations, the chiral logarithms M There are two isospin splittings, a spin-independent splitting and a spin-dependent splitting. These splittings are determined from eqs. (4.1) and (4.2) and from electromagnetic splittings given in Sect. 2. The spin-independent splitting is given by
and the hyperfine splitting is given by
where φ is the π 0 − η mixing angle as defined in the appendix. In eqs. There is a consistency check between the equations eq. (3.13) and eqs. (4.4) . The µ dependence of the ∆ (a) counterterm is the same in both equations.
Comparison with Experiment
The experimentally measured mass splittings of mesons containing a single heavy quark are . In some instances, only qualitative statements about the mass splittings can be made because of unknown counterterm parameters. We first discuss the spin-independent splittings, and then the hyperfine splittings.
SPIN-INDEPENDENT SPLITTINGS
We begin by comparing the experimental data with the theoretical formula for the SU (3) V -violating mass splitting All these terms are comparable in size to the measured isospin splitting. In summary, the s − d and d − u spin independent splittings are consistent with experiment, but definite predictions cannot be made because of the unknown counterterms b and c.
HYPERFINE SPLITTINGS
The SU ( em from the heavy quark charge.
Conclusions
The experimental data for D and B meson SU (3) V and hyperfine splittings is consistent with the theoretical calculation to one-loop order in chiral perturbation theory. 
